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qCPR primers are specific to the desired template, span exon-exon junctions and capture all transcript 146 variants for the specific gene under study. Ct values were normalized to the housekeeping gene Hprt.
147
Primer sequences used in this study are listed in Supplementary Table 1 .
148

RNA-seq library preparation and analysis
149
RNA was extracted from a total of n= 3 replicates per condition (Phf15 KO or control) and was used to 150 prepare libraries for RNA sequencing using the KAPA mRNA HyperPrep Kit according to the 151 manufacturer's instructions (KAPA Biosystems, Wilmington, MA) . Libraries were quality control checked 152 via Qubit (ThermoFisher, Waltham, MA) and via RT-qPCR with a next generation sequencing (NGS) 153 library quantification kit (Zymo Research, Irvine, CA) . RNA sequencing (1 lane) was performed on a 154
HiSeq4000 sequencing system (Illumina Inc., San Diego, CA; UC Berkeley Genomics Sequencing 155 Laboratory). Sequencing reads were aligned to the Mus musculus reference genome assembly GRCm38 156 (mm10) using Spliced Transcripts Alignment to a Reference (STAR) aligner [31] . Count data was analyzed adjusted p values and log2fold expression changes between Phf15 KO and control conditions for each stringent adjusted p < 0.01 cutoff for robust downstream biological function analysis, so the adjusted p 166 value threshold was lowered to p < 0.05. Results were visualized using the R package 167 EnhancedVolcano [33] . Lists of upregulated and downregulated genes were input into Metascape [34] , a gene 168 annotation and analysis tool, to determine enriched biological themes within the gene lists. 
182
RESULTS 183
Aging increases Phf15 expression in mouse brain.
184
To investigate whether Phf15 increases in mouse brains similar to humans [21] , we measured Phf15 mRNA 185 expression in mouse frontal cortical brain areas across age. We were interested in frontal cortical regions 186 because of their involvement in mediating various aspects of cognitive function and because they are 187 selectively affected in several aging-related neurodegenerative conditions like PD, AD and frontotemporal 188 dementia (FTD) [35, 36] .
189
We found that compared to young (~2.5-month-old) mice, old (~20-month-old) mice had 190 significantly elevated Phf15 mRNA levels in frontal cortical areas ( Figure 1 ). Middle-aged (~14-month-191 old) mice showed a trend towards increased Phf15 mRNA expression that did not reach statistical 192 significance. Our data suggest that Phf15 expression increases in mouse frontal cortical regions upon 193 normal aging, similar to what was previously reported in humans [21] . 195 196 197 Knockdown of Phf15 increases the magnitude of the microglial inflammatory response.
194
198
To determine whether Phf15 regulates microglial inflammatory function, we performed loss-of function 199 studies via shRNA-mediated knockdown (KD) in a murine microglial cell line, SIM-A9, followed by 200 immune activation with lipopolysaccharide (LPS), a component of gram-negative bacterial cell walls and 201 Toll-like receptor 4 (TLR4) agonist. We chose LPS because 1) Intraperitoneal and/or intracranial 202 administration of LPS in mice lead to increased microglial activation, neuroinflammation, neuronal loss 203 including loss of dopaminergic neurons in the substantia nigra in a mouse model of PD [8] as well as,
204
cognitive and neurological deficits [37] , 2) Aged individuals show increased systemic levels of LPS in the 205 bloodstream [38] which are associated with increased inflammation and microglial activation [39] and 3) In 206 humans, TLR4 activation is linked to age-related pathologies like PD and AD [40] [41] [42] . Thus, LPS serves as a 207 relevant aging-related physiological immune stimulant.
208
KD of Phf15 resulted in a significant reduction in Phf15 mRNA transcript levels of 52% or 60% 209 for cell lines shPhf15-1 or shPhf15-2, respectively (Figure 2A ), as well as, significantly increased mRNA 210 expression of Tnfα, a pro-inflammatory cytokine, after KD with shPhf15-2 at 0, 1, 6 and 12 hours after LPS Figure 1) [43, 44] . 
231
Genetic deletion of Phf15 increases the magnitude and prolongs the duration of the 232 microglial inflammatory response.
233
Since our KD strategy resulted in ~50% reduction in Phf15 mRNA expression, we next performed 234 CRISPR/Cas9-mediated genetic deletion of Phf15 in SIM-A9 microglial cells followed by immune 235 activation with LPS. Knockout (KO) of Phf15 ( Figure 3A) resulted in significantly increased LPS-induced 236 expression of Tnfα ( Figure 3B ), Il-1β ( Figure 3D ) and Nos2, albeit to a lesser extent ( Figure 3F ) over a 24-237 hour time course. Importantly, mRNA levels of both Tnfα and Il-1β remained elevated at 24 hours 238 compared to control cells, denoting a prolonged inflammatory response and failure to return to steady-state.
239
mRNA expression of Nos2 showed a significant upregulation over 12 hours (0, 1 and 12 hour timepoints) 240 but had returned to control levels by 24 hours ( Figure 3F ). Notably, basal expression of all 3 genes was 241 significantly elevated, with a 4-fold increase in Tnfα, 14-fold increase in Il-1β and 32-fold increase in Nos2 
247
Overall, KO of Phf15 resulted in a more severe phenotype compared to our KD results, increasing 248 the magnitude and prolonging the duration of the microglial inflammatory response. Taken together, our 249 KD and KO results indicate that Phf15 functions to restrict microglial inflammatory output, regulating the 250 magnitude and duration, as well as, basal inhibition of the inflammatory response.
252
Overexpression of Phf15 in microglia results in a dampened inflammatory response
253
To further test the role of Phf15 as a repressor of pro-inflammatory genes, we carried out gain-of-function 254 studies of Phf15 in SIM-A9 cells. Overexpression (OE) via retroviral delivery of the full-length murine 255 Phf15 cDNA ( Figure 4A ) resulted in significantly decreased expression of Tnfα at 6 hours ( Figure 4B ), Il-256 1β (0, 6, 12 hours; Figure 4D ) and Nos2 (0, 6, 24 hours; Figure 4F ). Notably, basal levels of both Il-1β and 
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Motif analysis for transcription factor (TF) binding sites enriched in the promoters of the 284 upregulated genes at baseline revealed consensus motifs for Interferon (IFN) stimulated response element 285 (ISRE, IRF binding motif), and motifs for IFN response factor 3 (IRF3) and IRF8 in the top 5 best matches.
286
Also enriched were Activator protein 1 (AP-1) and nuclear factor kappa-light-chain-enhancer of activated 287 B cells p65 subunit (NF-KB -p65) motifs. Both can regulate expression of canonical pro-inflammatory 288 cytokines such as Tnfα and Il-1. [45, 46] (Figure 5D ). Motif enrichment for the set of downregulated genes 289 revealed motifs for Twist-related protein 2 (Twist2) and basic helix-loop-helix (bHLH) 290 MIST1(BHLHA15). Twist2 has been shown to mediate cytokine downregulation after chronic NOD2 (a 291 bacterial peptidoglycan sensor) stimulation [47] . MIST1 has been shown to induce and maintain secretory 292 architecture in cells specialized for secretion [48] ( Supplementary Figure 8B ).
293
Differential gene expression analysis after 6 hours of LPS stimulation in KO versus control cells 294 revealed 576 up-regulated genes (log2 fold change > 1.5 and p adj < 0.01) and 322 down-regulated genes 295 (log2 fold change < -1.5 and p adj < 0.05) ( Figure 6A ). Interestingly, by 6 hours after LPS administration, 296 some of the most enriched biological process categories in KO cells were related to "cytokine secretion" 297 and "immunoregulatory interaction" (Figure 6B and C) , denoting a strong increase in magnitude of 298 expression of genes involved in regulating the secretion of pro-inflammatory mediators. The downregulated 299 genes at 6 hours after LPS stimulation in KO cells relative to control again displayed more variability, but 300 did show decreases in biological process categories related to "regulation of defense response" and 301 "cytokine production", indicating negative regulation of these processes in Phf15 KO cells compared to 302 control (Supplementary Figure 9A ).
303
Motif enrichment analysis for TF binding sites enriched in the promoters of upregulated genes at 304 the 6-hour time point revealed consensus sequences for AP-1, a key regulator of microglia reactivity in 305 inflammation [49] (Figure 6D ). Motif enrichment for the set of downregulated genes revealed ISRE, such as 306 IRF1 and IRF3 motifs (Supplementary Figure 9B) , supporting the observation that there is a negative 307 "regulation of defense response" by 6 hours post stimulation. It is interesting to note that a functional 308 transition from cytokine production to cytokine secretion seems to occur in the 6 hour period after LPS 309 activation.
310
Taken together, our RNA-seq results confirm that Phf15 is a repressor of microglial inflammatory 311 gene expression, regulating the antiviral response -specifically, IFN-I-dependent responses -as well as 312 processes related to pro-inflammatory cytokine production and release.
314 DISCUSSION 315
Our results show that Phf15 inhibits microglial expression of pro-inflammatory mediators under basal and 316 signal-dependent activation, regulating both the magnitude and duration of the inflammatory response.
317
Genetic deletion of PhfF15 in a microglial cell line followed by stimulation with LPS lead to an 318 exaggerated pro-inflammatory response with increased production of Tnfα, Il-1β and Nos2 over a time course of 24 hours. Importantly, levels of pro-inflammatory factors remained elevated at 24 hours 320 demonstrating a sustained and prolonged response. Consistent with our LPS stimulation of TLR4 results, 321 similar results were obtained after TLR9 and TLR3 activation confirming that Phf15 is a general negative 322 regulator and controls both the MyD88 and TRIF downstream signal transduction pathways rapidly rise in experimental models of PD and are highly toxic to dopaminergic neurons [12, 13, 50] . Similarly, 328 high levels of TNFα are a hallmark of PD in humans [51] [52] [53] . Additionally, both TNFα and IL-1β are 329 involved in maintaining proper synaptic plasticity at physiological levels [54, 55] and overproduction of these 330 cytokines can result in neuronal death via excitoxicity and cognitive dysfunction [56, 57] .
331
Our studies further demonstrate that Phf15 can regulate both basal and signal-dependent 332 microglial inflammatory gene expression. KD and KO of Phf15 in microglial cell lines resulted in 333 significantly increased levels of pro-inflammatory cytokine gene expression 1) without stimulation and 2) 334 after immune activation, while OE had the reverse effect. The inflammatory response is a tightly controlled 335 process in immune cells in order to protect against unintended damage to healthy tissue. Even in aged 336 microglia, where production and secretion of pro-inflammatory mediators is generally increased, this 337 process is dependent upon treatment with immune stimulants [9, 58, 59] . Increased pro-inflammatory cytokine 338 gene expression without stimulation denotes constitutive or 'leaky' expression of inflammatory mediators, 339 simulating a state of low-grade but constant activation. Similarly, hyperresponsiveness to immune stimuli 340 combined with a lack of resolution of the inflammatory response can lead to a state of chronic 341 inflammation. All three can trigger pathological chronic inflammation in the brain which is detrimental to 342 brain function. and ISGs) [8, 15, 18] . Timely resolution of an inflammatory response is crucial in order to limit cellular and 360 tissue damage caused by prolonged or chronic inflammation. Our results suggest that Phf15 may be 361 involved in regulating all three of the abovementioned mechanisms.
362
But how might Phf15 be involved in regulating transcriptional repression of the inflammatory 363 response? PHF15 was first described in embryonic stem cells as an E3 ligase that directly targets Lysine-364 specific demethylase 1 (LSD1, Kdm1a) -a key demethylase of histone 3 lysine 4 -for degradation [22] .
365
LSD1 has been identified as a member of the CoREST co-repressor complex [60, 61] which is required for 366 transcriptional repression of inflammation in microglia [8] . We therefore initially hypothesized that increased 367 levels of Phf15 upon aging might lead to decreased levels of LSD1 and increased microglial inflammatory 368 output. Our results, however, demonstrate that Phf15 itself inhibits microglial inflammatory function, thus, 369 its purported mechanism for inhibition is likely not via degradation of LSD1.
370
Interestingly, the global transcriptional changes caused by Phf15 deletion are highly similar to 371 age-associated transcriptional changes in microglia that have been previously reported [9, 62, 63] . In particular, 372 a study by Deczkowska et al. [64] , found "immune system process" and specifically "response to virus" 373 atlas of 23 tissues and organs across the Mus musculus life span, confirmed that microglia in the aged 381 (P540 and P720) brain are enriched for IFN-I-responsive genes and upregulate a similar set of genes 382 including Ifit3, Irf7, Isg15, Oasl2, Ifitm3, and Rtp4 [65] .The genes upregulated by the interferon-responsive 383 microglia clusters in both these studies are highly similar to those upregulated in our Phf15 KO cells under 384 basal conditions (see Figure 5A and C). Because ISGs can modulate inflammation [24] , it is possible that 385 interferon-responsive microglia could play a role in contributing to the inflammatory signature found in the 386 aged brain. Interestingly, among the set of downregulated genes in Phf15 KO cells at baseline and 6 hours 387 after LPS stimulation, is Myocyte Enhancer Factor 2C (Mef2C). Mef2C is an important checkpoint 388 inhibitor that restrains microglial activation in response to pro-inflammatory insults and is lost in brain 389 aging via IFN-I mediated downregulation [64, 66] . Thus, an increase in Phf15 expression in microglia during 390 healthy aging could putatively work to counteract not only microglial activation but increased IFN-I in the 391 aged brain as well.
392
Notably, a recent study by Readhead et al., [67] found that several virus species are commonly 393 present in the aged human brain. Among them, human herpesvirus 6A and 7 (HHV-6A and HHV-7) were 394 highly upregulated in the brain of AD patients and were found to modulate host genes associated with AD 395 risk, for example, Amyloid precursor protein (APP) processing. APP is the precursor molecule whose 396 proteolysis forms amyloid-β (Aβ) and formation of Aβ plaques has long been thought of as the driving 397 force behind Alzheimer's disease [62] . Aβ has more recently been found to have antimicrobial properties, 398 conferring increased resistance against infection from both bacteria and viruses [63] . APP is among the 399 significantly upregulated genes under basal conditions in our Phf15 KO cells (log2 fold change =1.492 and 400 p adj < 0.0001; see Figure 5A ). Upregulation of APP due to loss of Phf15 in mouse microglia is thus 401 consistent with our data showing Phf15 regulation of the antiviral microglial response.
402
Altogether, our results show that Phf15 is a novel repressor of microglial inflammatory gene 403 expression, regulating both the magnitude and time-to-resolution of the inflammatory response.
404
Importantly, Phf15 also serves to repress baseline inflammatory output in the absence of immune 405 activation. Putatively, increases in Phf15 during healthy aging could help counteract brain inflammation 406 and protect brain health.
407
Future studies will determine the mechanism of action of Phf15. For example, the identity of its 408 binding partner proteins, its genome-wide binding sites and associated histone marks to determine the 409 specific gene regulatory regions it interacts with (e.g. active enhancers or promoters). Additionally, studies 
